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It has been suggested that there are fundamental differences in the requirements for the synthesis of induced and constitutive enzymes (Creaser, 1956; Rogers and Novelli, 1959) . However, the repressor theory for the control of enzyme formation would predict that induced and constitutive enzymes are formed by the same basic process (Pardee, Jacob, and Monod, 1959; Gorini, 1960 Previous communications from this laboratory have reported on the control of the formation of tryptophanase, the enzyme that degrades tryptophan to pyruvate, indole, and ammonia, and tryptophan synthetase, the final enzyme in the pathway of tryptophan biosynthesis Lichstein, 1960, 1962a, b) . By studying both of these enzymes, it was observed that factors which acted to stimulate the production of one usually reduced the formation of the other. In all cases, the production of tryptophanase and tryp)tophan synthetase appeared to be regulated by the action of the end products of these two enzymes (see also Yanofsky, 1960;  Magasanik, 1961) .
The object of the present study was to investigate the fundamental requirements for the formation of the induced enzyme, tryptophanase, and the constitutive enzyme, tryptophan synthetase, in order to understand further those factors which control the synthesis of the two enzymes.
MATERIALS AND METHODS
Organisms. The strains of Escherichia coli used were Crookes (ATCC 8739), ATCC 9723E (glycine or serine auxotroph), and 15T-A-U-(15TAU), which requires added thymine, arginine, and uracil or cytosine for growth. Strain the induction of tryptophanase. The bacteria were grown in 200 ml of medium contained in 500-ml Erlenmeyer flasks on a rotary shaker. In some experiments, 2-liter Erlenmeyer flasks containing 800 ml of medium were used. Thymine (4 ,ug/ml), arginine (40 ug/ml), and uracil (20 ,ug/ml) were added to allow maximal growth of E. coli 15TAU. After a suitable growth period, the cells were harvested by centrifugation and washed twice with 5 X 10-3 M potassium phosphate buffer (pH 7.0). The cells were resuspended in 100 ml of the basal medium contained in 250-ml Erlenmeyer flasks to a density about equal to that of the original culture at the time of harvesting. The medium used for the induction of tryptophanase contained 5 X 10-3 M DL-tryptophan. Those cells used for the purpose of studying the regeneration of tryptophan synthetase were resuspended in fresh medium without tryptophan and with 10-1 M glucose. The flasks were incubated on a rotary shaker, and samples of the cultures were removed (usually hourly) to determine the extent of growth and enzyme activity. Growth was measured as turbidity in a KlettSummerson photoelectric colorimeter (420 m,().
The temperature of incubation was 37 C for E. coli 15TAU and 27 C for all other organisms.
Chemicals. 5-Fluorouridine was kindly supplied by L. D. Hamilton of the Sloan-Kettering Institute for Cancer Research. All other chemicals were obtained commercially. The purine and pyrimidine analogues were chromatographically pure.
Tryptophanase and tryptophan synthetase assays. The procedure of these assays has been described previously Lichstein, 1960, 1962a) . Whole cells were employed routinely for the assay of both systems.
RESULTS
Formation of tryptophan synthetase by growing bacterial cultures. In these studies, two types of control cultures were employed: cells grown in the presence of tryptophan and resuspended in medium containing this amino acid (repressed enzyme level), and cells grown and resuspended in medium without tryptophan (basal enzyme level).
Derepressed cultures of E. coli, strains 9723E and Crookes, rapidly regained their ability to produce synthetase (Fig. 1 ). An appreciable amount of the enzyme was formed during the first hour of repression release, during which time little cell multiplication could be detected (Fig. 2) . Although the general pattern of regeneration of synthetase was similar in the two strains used, the kinetics of derepression differed markedly. In the Crookes strain, enzyme formation was rapid for the first 2 hr, and enzyme activity at this time was twofold greater than the basal level. After 2 hr, synthetase recovery declined to that of the basal enzyme level. In contrast, the regeneration of synthetase in E. coli 9723E continued for approximately 3 hr, and then remained fairly constant. The enzyme activity in these cells approached the high basal levels produced by this strain.
These results are in keeping with those of Gorini and Maas (1957) Fig. 1. the formation of the enzyme in the wild strain was inhibited by endogenously produced arginine. It has been reported that the intracellular level of tryptophan controls the formation of tryptophan synthetase (Yanofsky, 1960) . In the present studies, enzyme regeneration in derepressed cultures occurred rapidly during the first 2 hr of recovery, since it is probable that the formation of endogenous tryptophan was at a minimum and the amino acid was not added to the medium. However, the increased production of synthetase (and other enzymes involved in the formation of tryptophan) would result in increased tryptophan formation. In the case of E. coli Crookes, the amino acid probably accumulated after 2 hr and repressed the synthesis of the enzyme. In contrast, E. coli 9723E rapidly utilizes endogenous tryptophan under the conditions employed (Freundlich and Lichstein, 1962b) . Thus, the level of synthetase did not decline owing to tryptophan accumulation, but rose until a steady state was reached.
Effect of chloramphenicol on the formation of tryptophanase and tryptophan synthetase. Chloramphenicol (50 ,ug/ml) completely inhibited the synthesis of both enzymes. Moreover, the antibiotic, when added after 1 hr of enzyme recovery, appeared to block immediately the further formation of tryptophanase and synthetase. Since chloramphenicol inhibits protein synthesis, the data suggest that de noto formation of enzyme protein is necessary for the production of both enzymes.
Effect of arginine on the formation, of tryptophanase and tryptophan synthetase. E. coli 15TAU requires added arginine, thymine, and uracil for growth. The formation of tryptophanase by this strain was almost completely inhibited when arginine was omitted from the induction medium (Fig. 3) . Similarly, the absence of arginine allowed for only slight recovery of tryptophan synthetase. It is of interest that when the bacterial cells were induced in a medium where little or no growth occurred (tryptophan used as sole carbon source) the absence of arginine had little effect on tryptophanase formation (Fig. 3 ). Under these conditions, chloramphenicol completely blocked enzyme synthesis. Considerable formation of 3-galactosidase has been shown to occur in a leucine-requiring mutant of E. coli induced in a medium devoid of leucine (Mandelstam, 1957) . These results were explained by the observation that protein turnover of 5% per hr occurred in the cells. In the present studies, it would appear that sufficient arginine was released under nongrowing conditions by protein turnover to allow for the synthesis of tryptophanase in the absence of added arginine. Effect of purine and pyrimidine analogues on the formation of tryptophanase and tryptophan synthetase. The addition of 6-methylpurine completely blocked the formation of tryptophanase and synthetase ( Fig. 4 and 5). Another purine analogue, 6-mercaptopurine, caused marked inhibition in the regeneration of both enzymes.
In the case of tryptophanase, enzyme activity was blocked completely for the first hour. Activity then rose to a final level approximately 75% less than the control. In the case of tryptophan synthetase, enzyme activity in the presence of 6-mercaptopurine was about 60%, of that of the control after the first hour of regeneration. After this time, the level of the enzyme remained constant. The pyrimidine analogue, 2-thiouracil, almost completely blocked the formation of tryptophanase during the first hour of induction. However, the cells were able to synthesize about one-third the amount of the enzyme during the next 2 hr, as compared with the control. These results indicate that some type of nucleic acid synthesis is necessary for the formation of both enzymes. However, the addition of the analogues to the medium caused a marked reduction in growth. It has been suggested that, under conditions of reduced growth, repressors of enzyme synthesis accumulate, thus inhibiting the formation of inducible and repressed enzymes (Levin and Magasanik, 1961) . To clarify a possible requirement for nucleic acid synthesis for the formation of tryptophanase or synthetase (or both), conditions were chosen to minimize the possible effect of repressors on the production of these enzymes. Effect of pyrimidines and pyrimidine analogues on the formation of tryptophanase in E. coli 15-TA U. E. coli 15TAU, which requires added thymine, arginine, and uracil or cytosine for growth, was employed. The cells were grown at 37 C in basal medium with these supplements. The washed cells were incubated at 37 C in the basal salts medium plus tryptophan, and with a variety of carbon and energy sources.
Tryptophanase formation occurred rapidly in the supplemented medium plus 1% acid-hydrolyzed casein as the carbon and energy source (Fig. 6) . Little growth or enzyme formation took place in the absence of uracil. The addition of 2-thiouracil depressed growth and tryptophanase synthesis still further. The uridine analogue 5-fluorouridine was markedly inhibitory to enzyme production, although growth was not as restricted as in those cultures devoid of uracil. In the ab- normal growth and 25% of normal enzyme synthesis took place. Growth and tryptophanase formation were depressed further in a medium without thymine but with 5-bromodeoxyuridine, a compound which is incorporated into deoxyribonucleic acid (DNA) in place of thymine (Handschumacher and Welch, 1960) .
Although tryptophanase synthesis was reduced under most of the conditions employed, it may be argued that this effect was due primarily to an increase in repressor formation because of decreased growth (Levin and Magasanik, 1961 uracil (20 ,ug/mnl) + thymine (4 ,ug/ml); B = thymine (4 ,ug/ml); C = thymine (4 ,ig/ml) + 2-thiouracil (200 ,ug/ml); D = uracil (20 .Ag/ml); E = uracil (20 ,ug/ml) + 5-bromodeoxyuridine (100 ,ug/ml); F = thymine (4 ,ug/ml) + 5-fluorouridine (100 ,Ag/ml). Cell concentration for assay, 0.085 mg of N/tube; assay time, 10 min. the carbon and energy source, excellent trYptolhanase formation was observed without added uracil, and with the addition of 2-thiouracil (Fig. 7) . However, the omission of thymine resulted in a 50% reduction in enzyme formation. Addition of 5-bromodeoxyuridine or 5-fluorouridine inhibited tryptophanase synthesis by about 70%. The apparent requirement for thymine and the inhibitory activity of 5-bromodeoxyuridine indicate that a continual involvement of DNA is necessary for tryptophanase induction. Since 2-thiouracil or the absence of exogenous uracil had no effect on enzyme formation, concomitant ribonucleic acid (RNA) synthesis appeared unnecessary. However, the inhibitory action of 5-fluorouridine on induction points to the opposite view. Appreciable RNA turnover has been reported in E. coli 15T-U- under nongrowing conditions (Barner and Cohen, 1958) . These investigators also showed that thymine starvation leads to rapid loss of cell viability (thymineless death). To mitigate the possible effects of RNA turnover, thymineless death, and repressor formation on tryptophanase synthesis, induction experiments were performed in a medium with 0.2% L-alanine as the sole carbon and energy source.
The bacterial cells were grown in the basal medium, washed twice, and resuspended in 0.05 M potassium phosphate buffer. These cells were kept at room temperature for 75 min and then suspended in the induction medium. DL-Tryptophan was added after the cells were incubated 60 75 90 105 TURBIDITY FIG. 8. Effect of pyrimidine analogues and the absence of pyrimidines on the formation of tryptophanase by Escherichia coli 15TA U in the presence of L-alanine. Bacterial cells were grown in media containing acid-hydrolyzed casein and resuspended in a medium containing 0.2% L-alanine. DL-Tryptophan added 10 min after incubation. Cell concentration for assay, 0.07 mg of N/tube; assay time, 20 min. Growth was measured in a Klett-Summerson colorimeter at 420 m,. X = uracil (20 ,ug/ml) + thymine (4 ,g/ml); 0 = thymine (4 ,ug/ml); 0 = thymine (4,9g/ml) + 2-thiouracil (200 ,ug/ml); O = uracil (20 ,ug/ml) + 5-bromodeoxyuridine (100 ,ug/ml); A = thymine (4 ,g/ml) + 5-fluorouridine (100,g/ml); A = thymine (4,sglml) + 5-fluorouridine (100 I,g/ml) + 2-thiouracil (100 I,g/ml).
for 10 min on a rotary shaker at 37 C. Under these conditions, the turbidity of the cultures increased but the final growth of the control cells was 5.5-fold less than when acid-hydrolyzed casein was the carbon and energy source.
The addition of 5-fluorouridine markedly reduced enzyme formation (Fig. 8) Enzyme formation was rapid with added uracil and thymine (Fig. 9) . Synthetase levels declined after 2 hr, probably owing to the formation of endogenous tryptophan. Approximately 45% of new enzyme, as compared with the control, was formed during the first hour in the absence of added uracil. After this time, enzyme production declined. Synthetase formation in the presence of 2-thiouracil or 5-fluorouridine was inhibited to a greater extent than in those cells grown without 5-bromodeoxyuridine. In all cases, growth was extremely low without uracil and thymine (Fig.  10) .
In another group of experiments, the bacterial cells were grown as described previously, but with glucose as the sole carbon and energy source. Enzyme recovery was measured in the basal medium without glucose. Under these conditions, no growth was observed during the first hour of enzyme regeneration (Fig. 11) . However, 30% of new enzyme was formed at this time (Fig. 12) . During the first hour of enzyme recovery, only slight inhibition was observed with cells grown without uracil or thymine, or with added 2-thiouracil or 5-fluorouridine. After this time, enzyme activity leveled off or declined in all of the cultures except those grown with 5-fluorouridine. Although this compound inhibited growth markedly, it was only slightly inhibitory to enzyme formation. 5-Bromodeoxyuridine, when added to thymine-deficient cells, blocked synthetase formation almost completely. 
DISCUSSION
The formation of tryptophanase and tryptophan synthetase was rapidly inhibited when chloramphenicol was added to the cultures initially or during the course of enzyme synthesis. In addition, the absence of arginine in an argininerequiring mutant blocked enzyme synthesis in growing cells. These results are in accord with the thesis that concomitant protein synthesis is necessary for the formation of both induced and constitutive enzymes. The fact that there was considerable synthesis of tryptophanase by nongrowing cultures of the arginine auxotroph in the absence of arginine can probably be accounted for by protein turnover. Similar results were obtained with the synthesis of ,B-galactosidase in nongrowing cells of a leucine-requiring mutant of E. coli (Mandelstam, 1957) .
The necessity of synthesis of RNA for the formation of enzymes has been the subject of controversy. In this regard, concurrent RNA formation has been reported to be essential for induced enzyme production (Spiegelman, Halvorson, and Ben-Ishai, 1955; Creaser, 1956) , and not necessary for the formation of certain constitutive enzymes (Rogers and Novelli, 1959; Rowbury and Woods, 1961) report suggests that the formation of an unstable RNA is required in E. coli for initiation of induced or constitutive enzyme synthesis (Pardee and Prestidge, 1961) .
In the present studies, it was found that tryptophanase formation in E. coli TAU was diminished in an induction medium containing acidhydrolyzed casein but not uracil. Under these conditions, the addition of 2-thiouracil had little effect, while 5-fluorouridine reduced enzyme formation sharply. When the cells were induced in a medium with L-tryptophan or L-alanine as the sole carbon and energy source, the absence of uracil or the addition of 2-thiouracil did not lower the differential rate of enzyme synthesis. In both media, 5-fluorouridine markedly blocked tryptophanase formation. The fact that enzyme pro- (Magasanik, 1961) . In this regard, guanine-starved mutants of Aerobacter aerogenes could form induced enzymes but only in the absence of an energy source (Levin and Magasanik, 1961) . Therefore, the ability of uracil-deprived cells to produce tryptophanase in an alanine or tryptophan medium, but not with acid-hydrolyzed casein, may be attributed to the formation of repressor substances, or more correctly, corepressors (Szilard, 1960) , in the presence of the casein medium. However, it has been reported that the inducible enzymes, inositol and glycerol dehydrogenase, were formed by guanine-starved cells in the presence of acid-hydrolyzed casein (Magasanik, 1961 (?i\Iagasanik, 1961) .
Although catabolite repression must be taken into account in interpreting results of experiments designed to discover the relationship between RNA synthesis and the induction of enzymes, another phenomenon may also be of importance in these situations. Under conditions where repressor formation is lowest (the absence of a utilizable energy source), RNA turnover becomes significant (Mandelstam, 1960) . Barner and Cohen (1958) reported that RNA turnover of about 6% per hr took place in E. coli 15T-U-in the absence of added uracil. It has been shown that, in a pyrimidine-requiring mutant of E. coli, exogenous uracil disappeared slowly in the absence of an external energy source, but quite rapidly when an energy supply was available (Pardee, 1955) . Since amino acid auxotrophs can produce inducible enzymes without the added amino acid, but only in the absence of a source of energy ( Fig. 3 ; Mandelstam, 1957) , it appears reasonable to assume that purines or pyrimidines may also be obtained by RNA turnover under these conditions. Because of the dual effect of catabolite repression and RNA turnover during uracil starvation, it was not possible to determine, under these conditions, whether concomitant RNA synthesis was required for tryptophanase induction.
A requirement for some type of RNA synthesis for the formation of tryptophanase was indicated more clearly by the use of 5-fluorouridine. It has been shown that 5-fluorouracil produces an altered RNA in E. coli, which in turn produces altered enzyme molecules (Gros and Naono, 1961) . The analogue appeared to be incorporated into both messenger and soluble RNA but its effect on newly formed enzymes was attributed to altered messenger RNA . In the present studies, 5-fluorouridine sharply reduced the differential rate of formation of tryptophanase under all conditions.
Another pyrimidine analogue reported to produce altered enzymes is 2-thiouracil (Hamers and Hamers-Casterman, 1961) . However, the addition of this compound to the induction medium did not appear to affect the differential rate of tryptophanase synthesis. These results do not preclude the formation of an altered enzyme in the presence of 2-thiouracil, but suggest that enzyme function remained intact. Such changes in structure but not in activity have been reported for a number of enzymes in E. coli grown in the presence of 5-fluorouracil (Gros and Naono, 1961) .
In the absence of exogenous uracil, about 25% of the optimal formation of tryptophan synthetase was observed. The addition of 2-thiouracil reduced enzyme synthesis to a greater extent but only when the cells were grown and derepressed in a medium containing acid-hydrolyzed casein. In all instances, growth was more severely limited than enzyme synthesis. However, because of the general low level of synthetase formation, it would not be possible to evaluate, under these conditions, whether concurrent RNA synthesis is required for the production of this enzyme. The effects of 5-fluorouridine on the regeneration of tryptophan synthetase were unexpected. The addition of this compound during enzyme formation restricted growth. In those cells grown and derepressed in a medium containing acidhydrolyzed casein, the addition of the analogue J. BACTERIOL. blocked enzyme synthesis. However, 5-fluorouridine had little effect on enzyme formation when the cells were grown in the presence of glucose and derepressed in acid-hydrolyzed casein medium devoid of glucose. It is possible that the growth lag during the change in energy sources resulted in sufficient RNA turnover to permit a preferential formation of synthetase without a concomitant increase in growth. The fact that the enzyme continued to be formed in the absence of growth suggests an inhibition, under these conditions, of corepressor or repressor formation.
The absence of thymine or the addition of 5-bromodeoxyuridine, during enzyme formation, usually resulted in a marked reduction in the production of tryptophanase and tryptophan synthetase. During conditions of thymine starvation, E. coli 15T-U-rapidly undergoes thymineless death (Barner and Cohen, 1958) . However, these cells were still able to synthesize a good portion of RNA and protein as compared with the controls. It has been reported that E. coli 15T-, when grown without thymine, can form a considerable amount of ,B-galactosidase, but only in the absence of an energy source (McFall and Magasanik, 1960) . In the present studies, the synthesis of tryptophanase in E. coli 15TAU was restricted rapidly without added thymine, and inhibited to an even greater extent with 5-bromodeoxyuridine. One interpretation of these results is that, under conditions of thymine starvation and analogue incorporation, changes may occur in the DNA (Cohen and Barner, 1956 ) that affect the formation of an RNA whose synthesis is needed for enzyme formation (Pardee and Prestidge, 1961) . A recent report suggests that the rate of synthesis of messenger RNA is de- creased in E. coli during thymineless death (McFall and Magasanik, 1962) .
